to 135 C, pKa 8.8). Its ultraviolet spectrum in acid solution had a single absorption maximum at 262 m,; in alkaline solution the maximal absorption shifted to 255 m,u and significant absorption appeared at 280 to 300 m,u. At concentrations of 0.1 % (w/v), sorbic hydroxamic acid prevented the growth of Aspergillus niger, Penicillium notatum, Botrytis cinerea, Cladosporium herbarum, and a Rhizopus species in grape juice over the pH range 3.6 to 9.2, although sorbic acid was not effective at pH 5.7 and above.
Sorbic acid is widely used in the food industry as a preservative because it is harmless to animals while being an effective inhibitor of fungal growth in acidic environments (Gooding, 1945; Deuel et al., 1954a; Anonymous, 1961) . Sorbic acid, however, suffers from disadvantages. One is its low solubility in water. This can be overcome by using a soluble salt of the acid, such as potassium or sodium sorbate, which enables the preparation of concentrated solutions.
CH3-CH=CH-CH-CH-COOH sorbic acid
More serious is the limitation imposed by pH on the activity of sorbic acid (Nomoto, Narahashi, and Niikawa, 1955; Bell, Etchells, and Borg, 1959) . The compound is relatively inactive as an antifungal agent when the pH of the substrate is much above 5, and its use is therefore restricted to acid conditions. The evidence suggests that sorbic acid must be undissociated to pass through the cell membranes and cause inhibition (Nomoto et al., 1955; Bell et al., 1959) . Esters of sorbic acid, being undissociable, retain their inhibitory activity over a wider range of pH than the parent acid (Nomoto et al., 1955) , but the insolubility of the esters in water limits their use. Other derivatives of sorbic acid, such as salts with amines (Cronk, 1956) Preparation of sorbic hydroxamic acid. Although sorbic hydroxamic acid has been mentioned in the literature (Hackley et al., 1955; Wagner-Jauregg, 1956; Epstein et al., 1956) , its synthesis on a preparative scale has not been described. A sample was made for this study by treating ethyl sorbate with alkaline alcoholic hydroxylamine. No attempt was made to find the best conditions of reaction. In brief, ethyl sorbate (55 ml) was treated with a freshly prepared filtered solution of hydroxylamine hydrochloride (40 g) and potassium hydroxide (146 g) in methanol (600 ml) for 1 hr, after which the solution was acidified to pH 3 with sulfuric acid. The dense precipitate of potassium sulfate was removed by filtration, and the filtrate was concentrated under reduced pressure. The product was recrystallized from water.
Spectrophotometry. Spectrophotometric observations were made with a Beckman model DU instrument, using 1-cm quartz cells.
Antifungal testing. Juice was extracted from ripe sultana grapes (Thompson seedless raisins), and 0.1 volume of 0.1 M sodium phosphate buffer (pH 7) was added. The juice was sterilized by autoclaving (120 C for 30 min), and the pH of the sterile liquid was adjusted by the addition of concentrated hydrochloric acid or sodium hydroxide. Solutions (0.2%, w/v) of sorbic hydroxamic acid and potassium sorbate were made by dissolving the materials in sterile water, and these were added to series of tubes of the sterile juice to give 0.1, 0.05, 0.025, and 0.0125 % of antifungal agent. The tubes were inoculated with drops of spore suspensions prepared from stock cultures of Aspergillus niger, Penicillium notatum, Botrytis cinerea, and an unidentified Rhizopus species. Inoculation with Cladosporium herbarumn was made with pieces cut from a colony grown on agar medium. SORBIC HYDROXAMIC ACID RESULTS Physical properties of sorbic hydroxamic acid. The purified material had the following characteristics. Analysis: C6H9O2N; calculated: C, 56.68; H, 7.13; N, 11.02. Found: C, 55.92; H, 7.05; N, 10.92 . Melting point: 133 to 135 C (cor); pKa 8.8 (kindly measured by J. N. Phillips). Wagner-Jauregg (1956) reported pK, 9.2. In common with all hydroxamic acids, sorbic hydroxamic acid gave an intense purple-red color in acid solution with ferric chloride.
The ultraviolet-absorption spectra of sorbic acid and sorbic hydroxamic acid in 0.001 % aqueous solutions were investigated at pH 5 and 10 (Fig. 1) . The spectrum of sorbic acid was as described by Melnick and Luckmann (1954) , that is, with a single peak which shifted from a maximal value at 260 m,A (E'7lcm 2,030) at pH 5 to one at 255 m,u (El%lcm 2,170) at pH 10. The spectrum of sorbic hydroxamic acid at pH 5 was very similar to that of sorbic acid at the same pH, with a maximal absorption at 262 m,u (E'%icm 2,200). In alkaline solution, however, the spectrum of sorbic hydroxamic acid showed a marked change, with a diminished absorption maximum at 255 mIA (E17icm 1,660) and the appearance of strong absorption in the 280 to 300 mg region. At pH 10, the ratio of absorption at 255 m,u to that at 285 mys was 1.52. Antifungal properties of sorbic hydroxamic acid. After inoculation, the tubes of grape juice were left on the bench at room temperature and examined at intervals for growth. The results after 38 days are shown in Table 1 .
At the lowest pH value examined (3.6) sorbic acid prevented growth at lower concentrations than sorbic hydroxamic acid, but at all the higher pH values sorbic acid was ineffective and the hydroxamic acid remained active. At a concentration of 0.1 %, sorbic hydroxamic acid prevented the growth of all the fungi tested at all the pH values used.
DIscUSSION
It appears to be well established that the dependence of the antimicrobial activity of the short-chain fatty acids on the pH value of the substrate is linked with the dissociation of the acids (Bell et al., 1959) . To be inhibitory the acids must be transported through the cell membranes, and the evidence suggests that this requires weak electrolytes to be in the undissociated form. At high pH values, the acids are ineffective because they are dissociated and are thus unable to penetrate the cell membranes.
The ability of sorbic hydroxamic acid to prevent growth of fungi at pH values up to 9 is presumably linked with its reduced tendency to dissociate. Sorbic acid, being a stronger acid than its hydroxamic derivative, is dissociated more readily and is thereby active over a shorter pH range. In solutions at pH 4.8 only 50% of sorbic acid molecules are undissociated, and at pH 7 only about 1 % remain in the effective undissociated form (Bell et al., 1959) . In contrast to this, more than 50% of sorbic hydroxamic acid molecules remain undissociated at pH values up to 8.8.
Whether sorbic hydroxamic acid will be of use as an additive in foods will remain unknown until its toxicity and other pharmacological properties have been investigated. Nothing is known of the oral toxicity of sorbic hydroxamic acid in animals. Epstein et al. (1956) reported an LD5O value of 0.7 mg/g for this compound administered to mice by intraperitoneal injection. This contrasts with the oral toxicity values for sorbic acid (LDro 10.5 mg/g) and sodium sorbate (LD5O 5.95 mg/g) found by Deuel et al. (1954a, b) , but the results are not comparable because of the different routes of administration used. The detailed investigations of a large number of hydroxamic acids as therapeutic agents by Urbafiski and his colleagues suggest that hydroxamic acids, when administered orally, are no more toxic than the parent acids from which they are derived (Urbafnski, 1953a, b; Halweg and Krak6wka, 1956; Alkiewicz et al., 1957; Urbafnski et al., 1958 
